ABSTRACT: The diel vertical migration (DVM) of the whole plankton community was investigated in the central and coastal Irish Sea. Generally, more than 60% of the plankton did not perform significant DVM. A correlation analysis of the weighted mean depths of different organisms and their potential predators suggested relationships between 2 groups: Oithona spp., copepod nauplii and fish larvae, and Calanus spp., Pseudocalanus elongatus and chaetognaths (Sagitta spp.). Organisms showing significant DVM were chaetognaths (Sagitta spp.), Calanus spp. and P. elongatus. Calanus spp. showed clear ontogenic variations in DVM and, along with P. elongatus, demonstrated great flexibility in both the amplitude and direction of migration. P. elongatus did not migrate in the coastal area and Calanus spp. showed a clear reverse migration. The direction of migration appeared to be related to the vertical position of the chaetognaths in the water column during the day. 
INTRODUCTION
Changes in species composition are the consequence of species-specific behavioural changes, as differences in behaviour result in differences in the main demographic parameters, birth and mortality (Ohman 1990) , and consequently in the success or failure of the species in a changing ecosystem. For example, a very well adapted but rigid strategy to avoid one specific predator can become a disadvantage if the predator is replaced as the main cause of mortality in the system. One particular predation avoidance behaviour is characteristic of plankton, diel vertical migration (DVM) (Lampert 1993) . While it is now generally accepted that DVM is a predation avoidance mechanism (Lampert 1993) , there are contradictory cases, such as species that do not appear to migrate (Hays et al. 1997) or lack of relation with predator abundance (Huntley & Brooks 1982 , Dale & Kaartvedt 2000 . However, this type of fixed DVM behaviour (not related to changes in predators) has been attributed to relatively constant mortality risks (Neill 1992) .
Studies on DVM behaviour often only include 1 or 2 species of migrating organisms (e.g. Ohman 1990 , Hays et al. 1995 , and when there is information on a larger number of species these are generally copepods and/or euphausiids (Moraitou-Apostolopoulou 1971, Andersen et al. 2001) . Although some authors have described day/night changes in vertical distribution for a range of components (e.g. Russell 1930 , Roe 1974 , Longhurst 1985 , Ashjian et al. 1998 , the number of taxonomically detailed studies investigating to what extent DVM is a generally adopted strategy in marine planktonic communities is limited. In this study, we examined the DVM of the whole mesozooplankton and macrozooplankton community (including meroplankton). We had 2 objectives: (1) to determine whether DVM is a general behaviour among planktonic organisms, and (2) to determine how flexible a behaviour DVM is, both in terms of differences between groups and species and in terms of differences within the same species under different conditions.
MATERIALS AND METHODS
Sampling was carried out during a series of cruises between April 1987 and April 1989 (Table 1) at 2 hydrographically contrasting sites in the Irish Sea:
(1) a site of ~40 m depth close to the Irish coast with a weak seasonal thermal stratification, and (2) a more central Irish Sea site of ~120 m depth which becomes more strongly seasonally stratified during the summer. We took 2 zooplankton hauls at each site, on 1 night and 1 day (around midday and midnight), using a Longhurst Hardy Plankton Recorder (LHPR; Williams et al. 1983 ). The LHPR is a high-speed multiple serial sampler, and was fitted with a coarse (200 µm)-mesh net collecting system. Zooplankton are collected between 2 rolls of filtering gauze, which are advanced at intervals inside a cod-end box to give a series of consecutive samples.
The LHPR was towed at 3 to 4 knots on long oblique hauls, sampling from the surface to around 5 m off the bottom (see Table 1 ) at 1 min intervals, with individual sample-depth horizons of approximately 5 m, filtering approximately 10 m 3 of water for each sample. The number of samples taken during each haul varied between 9 and 33 (Table 1), so that the distance covered during the hauls was around 0.5 to 2.0 n miles. A temperature probe on the control unit recorded the water temperature associated with each sample, and a flowmeter in the mouth of the net recorded the volume filtered. The individual samples were washed off the filtering gauzes and preserved in 4% borax-buffered formaldehyde, prepared with freshwater. Large organisms (euphausiids, decapods, coelenterates, chaetognaths, fish larvae and fish eggs) were counted using the whole sample, while species analysis and counts for smaller organisms such as copepods and meroplankton were carried out on subsamples. Conductivity, temperature, depth (CTD) profiles were obtained either by a Neil Brown or a Guildline CTD rosette array, and were taken before or after each LHPR haul, to provide additional environmental information. Weighted mean depth (WMD) of each taxonomic group was calculated as:
where n i is the abundance of organisms at depth d i (Worthington 1931) . The amplitude of migration was calculated as the difference between the WMD between day and night. A positive value indicated movement towards the surface during the night and a negative value reverse vertical migration.
All sampling strategies have problems, and ours had 3 main limitations: (1) Since the LHPR does not sample 5 m above the bottom, the weighted mean depth would be underestimated for species that accumulate near the bottom; this could particularly be the case for Sagitta spp. that have been observed at high concentrations near the bottom, especially during the daytime (Pearre 1973 , Choe & Deibel 2000 . (2) The accuracy of the amplitude estimation is related to the abundance of organisms, and therefore estimations for organisms present in low abundance must be treated with caution. Consequently, our data on migration amplitude concentrate on the most abundant organisms and their potential predators. Accordingly, different species of fish larvae were grouped to obtain a more accurate estimation of the DVM (details of the diurnal and nocturnal vertical distribution of larval fish species are given in Conway et al. 1997) .
(3) The migration patterns of many migrators differ at different times during dark and light. Thus, a single set of night and day samples represented gives but a general indication of DVM. While it can detect many instances of DVM, it often underestimates ranges and sometimes fails to detect migration at all (Pearre 2000) . Therefore, the ranges presented here must be viewed with caution.
RESULTS

Temperature and stratification
In the coastal area, sea surface temperature (SST) ranged from 6.7°C on 09 April 1987 to 8.34°C on 21 April (Fig. 1) .
Community composition
The total abundance of zooplankton (ind. m -2
) was generally 2 to 3 times higher in the central Irish Sea than in the coastal area, however, taking the depth difference into consideration, there were no systematic differences in density (ind. m -3 ) ( Table 2) . During the spring, Paracalanus parvus, Pseudocalanus elongatus, Oithona spp. and meroplanktonic groups, such as cirripede nauplii, echinoderm larvae, decapod larvae and occasionally the cyphonautes larvae of bryozoans, generally dominated the population. During the summer cruise in 1988, Acartia spp. were also an important component of the population. The meroplankton contribution to the total population was generally no lower in the central Irish Sea than in the coastal area. During 1989 there seemed to be a shift in numerical dominance from Paracalanus parvus to Pseudocalanus elongatus and from Calanus finmarchicus to C. helgolandicus.
Diel vertical migration
There was a high variability in DVM, both between and within groups or species (Figs. 2 & 3, Table 3 ). In general, mean depth of 60 to 80% of the organisms did not vary by more than 10 m (2 sample-depth hori- zons) between day and night, and they were therefore considered to perform little or no DVM (Fig. 4) None of the most abundant meroplanktonic larvae (cirripede nauplii and echinoderm larvae) showed marked DVM, whereas holoplanktonic organisms displayed different patterns. Copepods exhibited a range of DVM behaviour: some, such as Acartia spp., Temora longicornis, Oithona spp. and copepod nauplii showed little or no DVM; however, as mentioned earlier, our methodology would underestimate migration amplitude if midnight sinking (Ashjian et al. 1998) (Table 3) . However, an abundant holoplanktonic non-copepod genus in the May 1988 samples, the cladocerans Evadne spp., showed no DVM behaviour, nor did the most abundant organisms at that time, copepods of the genus Acartia.
Among the predators, there was a clear-cut difference between chaetognaths (Sagitta spp.), which performed extensive DVM, and fish larvae that did not seem to migrate vertically (Fig. 3) .
Calanus spp.
We paid particular attention to Calanus spp. for 4 reasons: (1) in the initial analysis Calanus spp. shows a very high variability in DVM, including a clear reverse DVM; (2) the large size of this copepod allows easy identification of the stages and therefore an ontogenetic analysis of its DVM behaviour; (3) the simultaneous presence of C. finmarchicus and C. helgolandicus allowed detailed comparison between closely related species; (4) previous investigations on the vertical distribution of C. finmarchicus and C. helgolandicus had been carried out in the adjoining Celtic Sea (Williams 1985) . The DVM behaviour of Calanus spp. differed markedly between the coastal and central areas of the Irish Sea. In the central region, C. finmarchicus and C. helgolandicus performed normal DVM (migrating to the surface at night), whereas at the coastal station both species performed reverse vertical migration (moving deeper at night) (Fig. 5) . Both normal and reverse DVM displayed a clear ontogenetic trend, with the amplitude of DVM increasing with the increasing copepodite stage until Stage V (Fig. 5 ). There were no significant differences in DVM amplitude (Fig. 5) or vertical position (WMD) between C. finmarchicus and C. helgolandicus, even during the period of stratification (see example for Stage V in Fig. 6 ). This contrasts with the behaviour recorded by Williams (1985) in the Celtic Sea.
Relations between prey WMD and DVM and predator abundance and behaviour
Correlation coefficients between the WMD of different organisms were used to analyse possible predator-prey relationships (Table 4) . Cells of the large diatom Coscinodiscus spp., also collected by the net, were included in the analysis as a passive tracer. Although Coscinodiscus spp. have been observed to undergo reverse migrations (Hardy & Gunther 1935) , the amplitude of such migrations is smaller than that of the zooplankton. The highest correlation for chaetognath WMD was with the WMD of Pseudocalanus elongatus (r = 0.79), followed by various stages of Calanus spp. (r = 0.51 to 0.78) (Fig. 7) . For fish larvae, the highest correlation was with Oithona spp. (r = 0.80) and copepod nauplii (r = 0.76) (Fig. 7) .
The amplitude of the DVM of 3 of the most actively migrating copepods (Calanus finmarchicus, C. hel- golandicus and Pseudocalanus elongatus) was compared with the abundance and position in the water column of the chaetognaths. For all 3 copepods the only significant relationship was with the WMD of chaetognaths during the day (Fig. 8) Also (as stated in 'Materials and methods'), the daytime WMD of Sagitta spp. could have been underestimated due to these being on or near the bottom, below the sampling depth range of our net.
Neither chaetognath abundance nor their distribution at night were related to the amplitude of the migration of Calanus spp. or Pseudocalanus elongatus (Fig. 8) . When the chaetognaths displayed reduced or no DVM (Table 3 ) and remained on the surface during the day (coastal stations), Calanus spp. displayed reverse migration and P. elongatus did not migrate or displayed limited reverse DVM. When chaetognaths displayed normal DVM (central Irish Sea), both Calanus spp. and P. elongatus resumed normal DVM (Fig. 8) .
The DVM of the chaetognaths seems to be related to bottom depth (Fig. 9) . At the coastal stations, chaetognaths remained 15 to 20 m above the bottom, with only small differences in their vertical distribution between day and night. In the central Irish Sea, chaetognaths tended to stay deeper during the day and move towards the surface at night. 0.14 0.22 Table 4 . Correlation coefficients between weighted mean depth of the main zooplankton groups and 2 potential predators, chaetognaths (Sagitta spp.) and fish larvae. Significant correlation coefficients indicated in bold 
DISCUSSION
The most striking result of this study is the high variability in DVM behaviour within the same planktonic community. If we assume that DVM is the result of a compromise between reducing mortality and energy expenditure, and taking advantage of feeding opportunities (Iwasa 1982 , Ohman 1990 ), this variability would seem to have 2 main, partially linked, reasons: (1) the same behaviour does not produce the same optimum compromise between reduced mortality and energetic cost for different groups, species and stages; (2) the mortality risks are not the same for all groups, species or stages, because of the selectivity of predators.
For meroplanktonic larvae, for example, the best way to reduce mortality would probably be to increase growth and reduce time spent in the plankton by increasing their feeding and profiting from the higher temperatures in the upper water layer (Neverman & Wurtsbaugh 1994) , rather than engaging in DVM at the risk of prolonging the planktonic phase.
A similar reason could be responsible for the ontogenic differences in the DVM behaviour of Calanus spp. Ontogenic differences in DVM have been previously reported for C. pacificus in mesocosm experiments (Huntley & Brooks 1982) and in the field (Osgood & Frost 1994) , C. finmarchicus in Scottish lochs and the Norwegian Sea (Nicholls 1933 , Marshall & Orr 1955 , Dale & Kaartvedt 2000 , Metridia lucens in different areas (Osgood & Frost 1994 , Hays et al. 1995 , Falkenhaugh et al. 1997 , Timonen 1997 , and for Neocalanus gracilis, Pleuromamma abdominalis and Euchaeta acuta in the Mediterranean (Andersen et al. 2001) .
Ontogenic and size-dependent variations in DVM have generally been attributed to large individuals being more conspicuous and therefore more susceptible to visual predators (Hays et al. 1994 , De Robertis et al. 2000 and to size-selectivity (Neill 1992) . However, nauplii and early copepodite stages are usually the main food source of fish larvae (e.g. Conway 1980 , Conway et al. 1998 ; they also suffer from invertebrate predation, and they often have higher mortality rates than adults (Ohman et al. 2002) . Therefore, one would expect them to enhance the behaviours aimed at reducing mortality. Furthermore, Huntley & Brooks (1992) observed ontogenic differences in the DVM of Calanus pacificus in the absence of predators and found that migration decreased at low food concentrations. It has also been observed that early nauplii of C. pacificus do not have the ability to survive long starvation events (Lopez 1996) . Therefore, it is possible that for a nauplius or an early copepodite stage, a rapid increase in size will result in a less mortality (Fiksen & Giske 1995) . This would be a better strategy than engaging in DVM. In contrast, for late copepodite stages or adults, in which increased feeding will not result in a significant increase in size, DVM would probably be a better option. The minimum distance to be covered in order to reduce the risk of predation depends on irradiance, attenuation coefficient, visibility of prey and the visual system of the predator (Aksnes & Utne 1997) . Therefore, the mortality risk/energy gain ratio would be highly dependent on environmental conditions (De Robertis 2002) . This mortality risk/energy gain ratio could be particularly important in trying to understand the behaviour of small copepods such as Oithona spp., which do not usually show DVM behaviour. It is possible that for such small copepods the energetic cost of swimming outweighs the reduction in mortality achieved by thus avoiding visual predators, and that other strategies such as reduction of their mechanical signals (Paffenhöfer & Mazzocchi 2002 ) are a better option in the balance between reducing mortality and energetic cost. Although it is possible that copepods use an elastin-like protein that would decrease the energetic requirement of vertical displacement (Alcaraz & Strickler 1988) , the energetic side of the equation could be more important than previously thought. Larger copepods such as Metridia pacifica cease migration when their lipid storage is low (Hays et al. 2001) , and even for organisms as large as northern krill Meganyctiphanes norvegica, a period in deep waters can result in the breakdown of haemocyanin for use as an energy source in order to maintain basal metabolism (Spicer & Stromberg 2002) .
Whereas Pseudocalanus elongatus performed significant DVM in the central Irish Sea, adults of similarly sized or slightly larger copepods such as Acartia, Temora and Centropages spp. showed much reduced or no apparent DVM. Nevertheless, it is possible that due to the different reproductive strategy of these species (free-egg spawning as opposed to egg-sac spawning in P. elongatus), the balance between mortality risk and feeding shifts towards feeding. When food concentrations are high, egg production in free-spawners is proportional to ingestion, and fluctuations in the food supply significantly reduce daily egg production (Calbet & Alcaraz 1996) . Because in free-spawners the death of the female does not imply the death of the eggs, as is the case with sac-spawners such as P. elongatus, it is possible that free-spawners risk higher mortality in order to assure maximum egg production by continuous feeding.
Another possible explanation could be that Acartia spp., Centropages spp. and Temora longicornis are not the main targets of predators in the area. The selective behaviour of predators introduces a further variable into the interpretation of the DVM variability. Analyses of gut contents are needed to confirm whether the relationship we found between copepod species and potential predators is due to preference for those preys (chaetognath WMD-Pseudocalanus elongatus WMD, chaetognath WMD-Calanus spp. WMD, fish larvae WMD-copepod nauplii WMD, fish larvae WMDOithona spp. WMD). However, in the literature, copepod nauplii and Oithona spp. are often reported to be the main prey of fish larvae (Conway 1980 , Conway et al. 1998 ) and copepods the main prey of chaetognaths (Duro & Saiz 2000) , even when large numbers of alternative prey are abundant in the plankton (Saito & Kiør-boe 2001) . Chaetognaths are likely to be mainly sizeselective predators (e.g. Pearre 1980 ), but they also show selection between different copepod species, as well as a flexibility in their selectivity (RakusaSuszczeweski 1969) . As an example, in the North Sea, Sagitta elegans showed high feeding rates on male Paracalanus spp., followed by species of Calanus, Metridia, Centropages and Pseudocalanus, whereas the feeding rates on Oithona spp. and on Paracalanus spp. Stages III and IV were much lower (Saito & Kiør-boe 2001) .
While, in order to reduce mortality by fish larvae predation, copepod nauplii and Oithona spp. seem to have adopted strategies other than DVM (i.e. rapid growth or 'invisibility'), both Calanus spp. and Pseudocalanus spp. show clear evidence of active avoidance of chaetognaths by adapting their DVM inversely to that of the chaetognaths. However, contrary to the situation found by Ohman (1990) , in our study it was apparently not the abundance of chaetognaths that triggered DVM (normal or reverse), but the position of the chaetognaths in the water column during daytime. Calanus spp. and P. elongatus appear to sense the position of chaetognaths in the water column during the period of lower feeding activity, possibly using chemical cues (see references in Lampert 1993) , and to adapt the amplitude and direction of their DVM accordingly. In the coastal area, because chaetognaths do not migrate as close to the bottom during the day, this results in reverse DVM for Calanus spp. and slightly reversed or no migration for P. elongatus. Again, even if the answer is similar, the difference in the migration amplitude of Calanus spp. and P. elongatus could be due to differences in the energetic cost of swimming for large and small copepod species.
Many uncertainties and questions remain. For example, why do Paracalanus parvus apparently not use DVM to avoid chaetognaths? Would chaetognaths have a greater preference for Pseudocalanus spp. rather than Paracalanus spp. (these 2 genera are very similar in the early stages)? Chaetognaths do show preferences, not only as a function of prey size, but also as a function of the hydrodynamic signal produced (Saito & Kiørboe 2001) . Data from Dabob Bay and the North Sea (Ohman 1986 , Saito & Kiørboe 2001 seem to indicate a preference for species of Pseudocalanus over species of Paracalanus.
Why did organisms for which we assume a higher energetic cost of swimming (such as Oithona spp. or organisms such as appendicularians that carry their houses) perform a significant reverse DVM when there was strong stratification, as in May 1988? Are the reductions in metabolic costs due to the lower temperature below the thermocline important enough to justify such migration (McLaren 1974) ? Why are C. helgolandicus and Calanus finmarchicus not vertically segregated in the Irish Sea, as they seem to be in the Celtic Sea (Williams 1985) ?
In answer to our original questions, the results of our study confirm that DVM is a very flexible behaviour that can be adopted by many planktonic organisms, depending on predation risk. However, it is not necessarily the main or only mechanism to reduce predation mortality, and predation risk seems to vary greatly between different groups or species. Some species susceptible to predation by visual predators display no DVM or a less extensive DVM than others because they use other escape mechanisms or because of energetic considerations (Bollens et al. 1993) . It could also be hypothesised that the absence of DVM is a response to a relatively constant mortality risk or to a constant mortality risk/energy gain ratio situation, as has been suggested for fixed DVM (Neill 1992) . Therefore, a large proportion of the planktonic community could be performing little or no DVM, while a smaller number of species perform extensive DVM, as seems to be the case in the Irish Sea.
